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Abstract
A statistical scheduling approach to economic dispatch and energy reserves is
proposed in this paper. The proposed approach focuses on minimizing the over-
all power operating cost with considerations of renewable energy uncertainty and
power system security. A hybrid power system generates electricity from both con-
ventional and renewable energy sources. In such a system, it is challenging and
yet an open question on the scheduling of economic dispatch together with energy
reserves, due to renewable energy generation uncertainty, and spatially wide dis-
tribution of energy resources. The hybrid power system scheduling is formulated
as a convex programming problem to minimize power operating cost, taking con-
siderations of renewable energy generation, power generation-consumption balance
and power system security. This new approach for scheduling hybrid power eco-
nomic dispatch and energy reserves will contribute to the emerging grand challenge
of renewable energy integration into the existing power system facilities.
A genetic algorithm based approach is used for solving the minimization of the
power operating cost. The IEEE 24-bus reliability test system (IEEE-RTS), which
is commonly used for evaluating the price stability of power system and reliability,
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1.1 Motivation and background
The optimal scheduling of economic dispatch and energy reserves in a hybrid
power system becomes a new challenge in renewable energy integration (REI) re-
cently. The scheduling objective is minimizing the power operating cost in a hybrid
power system with high renewable energy penetration. A credible scheduling eco-
nomic dispatch and energy reserves is able to increase the efficiency of the power
production and ensure the reliability of the power system operations. The popu-
lation around world is predicted to double by 2050 [15], and the energy demand
would be certainly keep growing. As what has happened, the energy demand rised
and the prices of some energy resources increased over last two or three decades.
To enhance the energy demand rising and avoid environment pollution increasing
simultaneously, one solution is to use much more renewable energy from wind , solar
and others. In [33], the wind power capacity is expected to increase to 48, 000 MW
by 2020 which is threefold to the amount in 2004.
Recently, contingency reserve scheduling with high renewable energy penetration
in hybrid power systems rises as a new challenge. In [33], the new challenge is
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proposed as a key issue in power system operations on how much the most the
wind power can be used to replace the fossil energy with limited wind forecasting
ability synchronously. In this thesis, a new power system with a hybrid power
market is constructed to study the trade-off between the system reliability and
energy operating cost. Some problems are created by the new structured power
system consequently, because the price and the reliability are correlated. It is hard to
avoid the price increasing with the demand of high reliability of the system, and the
high price will cause the residential and industrial customers complaining. According
to [10], a new hybrid power system with renewable energy is recommended to deal
with the present status. A reliability and price model considering the corresponding
between each other with different generation suppliers is proposed here. The author
gives the result with the new technique in a new environment, which illustrates that
the proposed model with the new technique can reduce the operating cost efficiently
and keeping the system reliability.
1.2 Contribution
The objective of this thesis is to propose a novel approach, which is able to
schedule a hybrid power system containing conventional and renewable energy gen-
eration while ensuring power system reliability. Contributions of this work are listed
below:
1. Propose an objective function for economic dispatch and energy reserve schedul-
ing built based on the electricity generation cost and power system reliability,
considering stochastic characteristics of renewable energy.
2. Developed reliability constraints from a probability format into a feasible con-
vex format in order to solve the nonlinear stochastic problem. Considering the
complexity of the optimization problem, a revised genetic algorithm is used.
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3. The IEEE 24-bus reliability testing system (RTS) is analysed and built in
power world as the test bench in our study, which contains 10 generators, 24
buses, 5 transformers, 38 transmission lines and 17 loads. 4 wind plants are
used to substitute 4 conventional generators in the original RTS model. Each
wind turbine generator in the wind plants is defined to serve both the spot
market and the reserve market.
4. The proposed approach is demonstrated in the IEEE 24-bus Reliability Testing
System with Monte Carlo simulation.
1.3 Thesis outline
Chapter 2 reviews the present state-of-the-art of economic dispatch and energy
reserve with renewable energy, with emphasis on their optimization in hybrid power
systems. Chapter 3 introduces the proposed statistical economic dispatch and energy
research approaches, including system objective function, wind power modelling,
chance constraint and genetic algorithm. Chapter 4 illustrates and explains the
numerical results on validating and evaluating the proposed approach. Chapter 5




As renewable energy penetration keeps increasing in modern power systems, new
wind plants are having an increasingly prominent contribution on renewable energy
penetration [9], [29], scheduling such hybrid power systems becomes an emerging
challenge and urgent requirement on the road map of renewable energy integration.
In [26], a general framework is proposed on how to determine the amount of
spinning reserve with large wind power penetration, however, this method is based
on [36] which does not evaluate the impacts of wind generation uncertainty, and
concentrates on conventional energy generator outage and load forecast errors. An
approach of managing stochastic renewable energy generation uncertainty is consid-
ered in [30], and the approach generates schedules for a 24-hour period with hourly
resolution. In [41], a stochastic optimal power scheduling of generators and reserves
with large wind generation is studied on the WSCC-179 buses testing model [3]. A
probabilistic method is proposed in [12] to optimize the spinning reserve on different
level of loads, which is caused by the generator outages or the load forecast errors.
In [25], a novel approach is used to determine the optimal reserve with wind pene-
tration in a power system. The technique focuses on researching the conventional
generation outages and load forecasting errors of the system, which shows a larger
4
spinning reserve is not necessarily required if the wind penetration increasing during
the operating process.
In [36], the operating reserve is considered as a flexible energy, the authors
optimize the reserve amount by cost-benefit analysis. The result is demonstrated
by reliability test system (RTS 96), which confirms the proposed approach can work
efficiently. [4] states that the large amount of wind power integration will not only
impact the electricity market price, but also the system technical operation. In order
to cope with the uncertainty of wind power operation, a more flexible power system
is required to maintain the stability and reliability, which means more reserve is
required in the system. The authors built a stochastic multi-stage linear model to
study the correlation of the wind power integration and the electricity market price.
The stochastic model is further studied in [30].
In [22], a novel reserve management tool (RMT) is used to compute how much
reserve is needed in the daily market to support system operations. The Portuguese
power system is used as a test bench to demonstrate the efficiency of the tool. For
ensuring the voltage stability of the power system, [1] proposes a new method to
develop the economical dispatch for power operators. The improved method works
with very good performance because of the increased voltage stability margin during
the insecure intervals.
In [35], a new model is presented to optimize the reserve market and can be used
by Independent System Operators (ISO). The new security-constrained unit com-
mitment model based on day-ahead algorithm can satisfy to the security constrain
and minimize the power operating cost simultaneously and efficiently. In [31], the
authors discuss the correlation of economic dispatch, frequency regulation control
and unit commitment with high wind energy penetration.
The authors in [34] use the autoregressive moving average process model (ARMA)
to simulate the average hourly wind speed. Compared with the regular persistence
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models, the result shows the wind speed forecasting is improved significantly. Five
different locations are used as examples to demonstrate the improvement of the new
proposed model.
In [20], the authors revise a dispatched method to meet the demand of achieving
both low cost and low air pollution. The air pollution damage is formulated as a
function of spatial distribution of pollutants. An interactive search method, which
is devised in this paper, is used as auxiliary tool to aid the decision maker to get
the optimal dispatch. Due to the benign environmental effects of the motivation
[17], the wind power penetration continues to increase in the electricity market.
The authors propose an efficient method to evaluate the system reliability based on
Monte Carlo simulation. The paper present a 6-step wind speed model of multiple
geography locations to simulate the result and the Canadian wind data is studied
on the test system.
A methodology in [2], which aims to minimize the energy loss, is proposed to
allocate different types of renewable generation units optimally. The most notable
renewable energy in this paper is solar thermal systems, wind power, photovoltaic,
biomass, and hydraulic power. A novel approach is applied in a distribution system
with several available combinations of the renewable distributed generations units.
The constraints include voltage limits, energy penetration limits, etc.
In [38], a chance-constrained two-stage (CCTS) program is formulated aiming
to present a unit commitment method with wind power. A novel model is built to
maintain the system reliability and respond to the wind forecasting errors. In the
approach, chance constrain is used to describe different policies. Numerical examples
are provided in the end to demonstrate the result. In [21], the author presents a
load dispatch model is built include both wind turbines and thermal turbines.
A mixed-integer linear program is formulated for the unit commitment problem
in [5], which aids to reduce the computational complexity. A similar linear program
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has been used commercially to solve the unit commitment problems in large scale
in this paper.
In [28], a linear prediction methodology has been used for wind power forecasting.
The results illustrate the usefulness and efficiency of the proposed linear model.
In [40], a analysis on economic dispatch (ED) for minimizing the power oper-
ating cost in electrical power system is proposed. An economic dispatch model is
developed both on conventional generators and wind power generators. According
to the characteristics of wind speed, the authors introduce the Weibull probability
density function (pdf) for results of the proposed model. The optimization problem
is computed by a combination which consists two conventional generators and two
wind generators are applied to the ED model. Two parameters are used to describe
the operating cost of the system. In our thesis, the reserve cost is also considered
when the power demand is overestimated. The proposed method will be improved
and more accurate if we consider the penalty cost for the wind energy in our the-
sis. Different methods are presented in [32] to calculate the parameters of Weibull
wind speed distribution for wind power analysis, including the graphical method,
the maximum likelihood method and the proposed modified maximum likelihood
method. In general, Weibull distribution is used to ensure and evaluate the relia-
bility of the system. According to the characteristics of Weibull distribution, the
proposed system would achieve better performance.
A new economic dispatch algorithm is described in [24]. A compromise is
achieved between the fuzzy constraints of wind power penetration and the generating
cost variation. The proposed problem is formed as a Zadeh’s classical symmetrical
fuzzy programming. A Lagrangian function is built for the numerical results.
[37] describes a bi-objective economic dispatch method with considering dif-
ferent wind penetration. A novel algorithm called multi-objective particle swarm
optimization is proposed to make a compromise economic scheduling between secu-
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rity requirements and economic dispatch. The fuzzy membership functions in this
thesis aims to make the trade-off between risk and cost significantly increase the
system stability.
In [27], many proposed approaches on economic dispatch with wind penetration
are reviewed. Long term and short term economic dispatch models are built to
schedule the hybrid power system. Different optimization algorithms in electricity
market are discussed.
As stated above, many approaches have been established to optimize modern
power systems with renewable energy. Most of the methods are evaluated for ensur-
ing the trade-off between the system reliability and the unit price of the production
power. Some proposed approaches do not pay much attention on the impacts of
wind generation uncertainty, which will effect the system reliability, and the renew-
able energy is only considered to serve the spot market in these methods. In this
thesis, a new approach aims to minimize the power operating cost based on genetic
algorithm is proposed, which considers the use of the wind energy in both spot mar-
ket and reserve market. The uncertainty of the wind energy is incorporated into the
proposed approach to ensure the reliability of the system.
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Chapter 3
Joint statistical scheduling of
economic dispatch and energy
reserves
In this chapter, the joint scheduling of economic dispatch and energy reserves is
formulated as an optimization problem with power operating cost objective function
and probabilistic constraints. The constrained genetic algorithm is used for solving
the optimization problem for minimum power operating cost.
3.1 Wind turbine modelling
3.1.1 Wind turbine characteristics
The power-speed characteristics of a wind turbine is considered as important
features. For a regular wind turbine, the power generation Pw as a function of wind










CSρv3 = 0.6CSv3 (3.1.1)
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where ρ is the air density (1.2928 kg/m3), S (m2) is the swept area (cross-area)
of the wind turbine, v (m/s) is the wind velocity, and C is the coefficient of the
wind turbine, which depends on the ratio between the wind speed and the blade tip
linear velocity. The power generation of a wind turbine generator can be computed
according to (3.1.1).
3.1.2 Statistical wind power generation modelling
In this paper, the statistical wind power generation is modelled as following
• In our test bench system, the IEEE 24-bus Reliability Testing System (IEEE-
RTS), 4 wind farms are used to substitute the 4 conventional power plant in
the IEEE-RTS. The 4 wind farms with nominal generation capacity of 150
MW, 250 MW, 400 MW and 600 MW, respectively.
• Each wind farm consists of a number of wind turbines, each with installed
capacity of 2 MW
• The wind speed data is acquired from NREL’s WesternWind Resource Database.
The wind speed information of each generator is chose randomly from database
5 times per day for 90 days.
• A sample of the output power of the wind farm with 400 MW nominal gen-
eration capacity is computed by (3.1.1). The output power results are fitted
into Gaussian Distribution in Fig. 3.2. The output power of other wind farms
are also studied in a similar way and fitted into Gaussian distributions.
Although the wind speed model has been simulated as Gaussian distribution
for the primary researching, the wind speed distribution can be also proposed by
more accurate algorithms, such as Rayleigh distribution and Weibull distribution,
which are typically used to simulate the wind speed distribution. In statistics, the
10
Weibull distribution is a continuous probability distribution which is widely used in
reliability evaluating of systems.




















Figure 3.1: IEEE 24-bus RTS.
The joint economic dispatch and energy reserves is formulated as a optimization
problem aiming to find the lowest power operating cost in a hybrid power system.
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As shown in Fig. 3.1, the IEEE 24-bus Reliability Testing System (IEEE-RTS) is
used as the test bench for the study, which contains 10 generators, 24 buses, 5 trans-
formers, 38 transmission lines and 17 loads. It is assumed that 6 generators in the
power system are conventional energy generators and the rest are wind turbine gen-
erators. The optimization formulation including a objective function and constrains
is described as the following.
arg min












subject to (3.2.2),(3.2.3), (3.2.4), (3.2.5), (3.2.6).
Clow 6 Ci, CWj , CRj 6 Chigh (3.2.2)
Plow 6 PGi , PWj , PRj 6 Phigh (3.2.3)
PGi + (PWj + PRj ) = Pload (3.2.4)
M∑
i=1
PGi 6 Pload × γ (3.2.5)




(PWjCWj + PRjCRj ) 6 b
}
> α (3.2.7)
Here, the output power, which is supplied by the set of the conventional gen-
erators is defined as PG. The deloaded wind turbine generators are used in this
paper and the remaining power of the wind turbine generators are used for contin-
gency reserve. PW and PR denote the power supplied in the spot market and the
reserve market, respectively. The conventional generators’ output power is denoted
as PG = {PG1 , PG2 , · · · , PGM }, where PGm denotes the output power of the mth
conventional generator. PW = {PW1 , · · · , PWN } is used to denote the output power
of the wind turbine generators in spot market, where PWn indicates the nth wind
turbine generator output. The wind turbine generators’ output power in reserve
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market is defined as PR = {PR1 , · · · , PRN }, where PRn denotes the power which
can be supplied by the nth wind turbine generator in the reserve market. Ci is the
power operating cost of conventional generators in per unit. The power operating
costs in per unit of wind turbine generators in spot market and reserve market are
denoted as CWj and CRj , respectively. Clow and Chigh are used to denote the upper
and lower price limit for the power operating cost in per unit, respectively. Plow
and Phigh are used to indicate the upper and lower power output limit of each gen-
erator. The power demand is described as Pload. γ is used to define the ratio of the
conventional power with respect to Pload. Phigh(Wj) + Phigh(Rj) is the maximum
output for the jth wind turbine generator. It is noted that the actual output power
of each wind turbine generator must be less than its maximum power generation.
In (3.2.7), the total operating cost of generating PWj + PRj wind power should be
equal or less than b with the probability that is larger than α.







Figure 3.2: Gaussian distribution.
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3.3 Derivation and transformation of chance constraint
The “chance constraint” is used to describe that the probability of a random




aixi 6 b} > α, (3.3.1)
where the event is denoted as
∑n
i=1 aixi 6 b, and the probability of this random
event is required at least equals to α. Here, ai and xi are random variables, and b
and α are two variables that determines the constraints.
Accordingly, we define the following formulation for defining the chance con-




(PWjCWj + PRjCRj ) 6 b
}
> α. (3.3.2)
Although chance constraints have been used for solving other probabilistic con-
strained problems, the constraint in (3.3.2) cannot be directly used in solving the
optimization as it does not provide the explicit relationship among PWj , PCWj , CWj ,
CRj , b and α. As a result, the formula needs to be transformed into a mathematical
form that can be directly used by computational algorithms, the transformation of
the chance constraint is given as
y(CWj , CWj ) =
n∑
i=j
(PWjCWj + PRjCRj )− b. (3.3.3)


















{V [PWj ]C2Wj + V [PRj ]C
2
Rj}+ V [b] (3.3.5)
From (3.3.4) and (3.3.5), we can derive,
∑n
i=1(PWjCWj + PRjCRj )− b−
{∑n
i=1{E[PWj ]CWj + E[PRj ]CRj} − E[b]
}√∑n






Furthermore, (3.3.1) is equivalent to the following,
∑n
i=1(PWjCWj + PRjCRj )− b−
{∑n
i=1{E[PWj ]CWj + E[PRj ]CRj} − E[b]
}√∑n







i=1{E[PWj ]CWj + E[PRj ]CRj} − E[b]
}√∑n





According to (3.3.7), (3.3.1) can be deformed as follow. The summary of the formula
transformation is described after that.
Pr
{∑n
i=1(PWjCWj + PRjCRj )− b−
{∑n
i=1{E[PWj ]CWj + E[PRj ]CRj} − E[b]
}√∑n







i=1{E[PWj ]CWj + E[PRj ]CRj} − E[b]
}√∑n




















i=1(PWjCWj + PRjCRj )− b−
{∑n
i=1{E[PWj ]CWj + E[PRj ]CRj} − E[b]
}√∑n






i=1{E[PWj ]CWj +E[PRj ]CRj} − E[b]√∑n









i=1{E[PWj ]CWj + E[PRj ]CRj} − E[b]√∑n






The ϕ function is a cumulative distribution function, which can be computed di-





i=1{E[PWj ]CWj + E[PRj ]CRj} − E[b]√∑n






Two steps are used to transform (3.3.10) to computable criteria as below. First,




i=1{E[PWj ]CWj +E[PRj ]CRj} − E[b]√∑n






Second, deriving the following formulation
∑n


























subject to (3.3.14),(3.3.15), (3.3.16), (3.3.17), (3.3.18) and (3.3.19).
Clow 6 Ci, CWj , CRj 6 Chigh (3.3.14)
Plow 6 PGi , PWj , PRj 6 Phigh (3.3.15)
PGi + (PWj + PRj ) = Pload (3.3.16)
M∑
i=1
PGi 6 Pload × γ (3.3.17)
PWj + PRj 6 Phigh(Wj) + Phigh(Rj) (3.3.18)
with the derived chance constraint as follow.
n∑
j=1




{V [PWj ]C2Wj + V [PRj ]C
2
Rj
}+ V [b] 6 E(b)
3.4 Genetic algorithm
The genetic algorithm (GA) is an artificial intelligence algorithm to simulate
natural evolutionary processes, through retaining a population of candidate solutions
to search for the optimal one. Some techniques are used to create candidate, which
is inspired by crossover and selection.
Genetic algorithm is usually implemented as a computer simulation method,
which denotes that, for an optimization problem, the abstract representation of a
number of candidate solutions use this algorithm to evolve toward better solutions.
The evolution starts with completely random individual populations. In each gen-
eration, the fitness of the all creatures from the current generation is evaluated,
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multiple individual(creatures) is randomly selected (based on their fitness) and gen-
erate new population through natural selection, the new generated population will
repeat the same procedure to generate the next generation until satisfying the re-
quirement of the system.
3.4.1 Methodology of GA
In genetic algorithm, a certain number of individuals will be generated randomly.
The operator can also intervene the generating process to improve the quality of
the initial population. Each individual is evaluated in the current generation and
obtains a corresponding fitness value from the fitness function (the objective function
is always regarded as the fitness function in a system). The individuals in the same
generation is sequenced with the fitness value from high to low [14], [13].
The procedure of generating next population of solutions includes two steps, i.e.,
selection and reproduction, and reproduction also includes crossover and mutation.
Selection is based on the fitness value of each individual, but it does not mean the
level of the fitness value is the only policy to select the solutions. A local optimal
solution will be generated if we simply choose the high fitness individuals. The
selection criteria of Genetic Algorithm is that the individuals with higher fitness
value will be more likely chose than the low fitness individuals.
The second step is to generate the solutions of the next generation population
through a combination of genetic operators of crossover and mutation. A pair of
selected solutions (called “parent”) is used to breed a new pair of solutions (called
“children”). Firstly, the “parents” start to work on crossover with a crossover prob-
ability, which is generally between 0.6 and 1. The probability reflects how much
feasibility the two selected individuals generate their “children” by crossover. And
then the new “parents” generate their new “children” by mutation. The general GA
has a fixed mutation constant, also known as the mutation probability, which is usu-
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ally considered as 0.1 or less. It represents the probability of mutation-occurrence.
A new solution is created by generating a ”children”, which typically shares many
characteristics of its ”parents”. The new generated solutions in the new generation
population are not the same as the previous generation. The overall fitness will be
increased by the process of generating, since only the best solutions are selected to
breed the nest generating population. This procedure will repeat for multiple times
until reaching the termination conditions [16, 19, 19].
In GA, the termination conditions are as follow.
• The generated generations has already reached the required iteration number.
• The computing process has exceeded the computing resource constraints.
• The individual’s fitness has reached a plateau or the highest ranking that
continued evolution will not generate better results.
• A solution has reached that satisfies minimum criteria.
• A combination of two or more stop criteria are met.
In GA, the important parameters are as follow.
• Population size, it is the amount of individuals in the generating population.
• Probability of performing crossover.
• Probability of mutation, which determines the local search capability of GA.
• Termination criteria, which controls the termination of generating process.
3.4.2 Genetic algorithm application
In this paper, the objective function is used as the fitness function to compute
the fitness of each individual in the same generation. 28 unknown variable exists in
this fitness function, which contains 14 variables for price per unit and 14 variables
for output power. The constraints with the objective function are established to
ensure the wind penetration of the system, and also to ensure the variables of the
objective function varies in valid ranges. The chance constraint is used to evaluate
the relationship between the price and the system balance. The fitness function
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with constraints is used to generate new generations in GA. The results denote the
lowest power operating cost of the demand load for the customers.
In this problem, the population size is chosen as 500, which is enough to gen-
erate the new generation population with pinpoint accuracy. The probabilities of
performing crossover and mutation are 0.8 and 0.08, respectively. The initial value
of the 28 variables are also defined, which aid the algorithm to find the optimized
results more efficiently. The computing process will terminate if the derivation of
the two successive results are less than 1. The optimal results of this model by GA
are described in Chapter 4.
3.4.3 Other information
The commonly used optimization toolboxes, CPLEX and CVX, are not able to
solve the proposed optimization problem, as the optimization constraints contain
complex functions [23, 7], i.e., the derived chance constraint is much more complex
than the quadratic problem. Compared with CPLEX and CVX, GA provides a
flexible and robust way to find the global optimum solution for the optimization
problem with the chance constraints. In [14, 13], a parallel computation method is
provided to reduce the computation load of GA. As a result, the GA is chosen to




In this chapter, the numerical results of GA based optimization of the power
operating cost are demonstrated. The proposed approach is applied to the IEEE
24-bus RTS, which contains wind turbine generators. All the unit price data for
the system, including the conventional energy and the renewable energy are from
[6]. Sufficient historic data for training this model are provided by the National
Renewable Energy Laboratory (NREL). The load demand range is assumed between
600 MWh to 2800 MWh, which is based on the rated power of each generator. In
[39], the average worldwide wind penetration is around 17% in 2013. It is assumed
three levels in this paper for high wind energy penetration, 30%, 33.3% and 40%.
The objective function contain 28 variables, 14 for price per unit, 6 for conven-
tional generating output power, 4 for wind turbine generator output power in spot
market and 4 for wind turbine generator output power in reserve market.
The effect of the uncertainty of the wind energy prediction on the power system
operation will be studied on the IEEE 24-bus RTS model. Three case studies are
conducted on this system. Case 1 investigates a typical dispatch and energy reserve
scheduling scenario. In Case 2, results on the comparison of different wind penetra-
tion ratios are demonstrated. In Case 3, results are provided on three different α’s
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in the chance constraint of (3.3.1). In the end, Monte Carlo simulation is conducted
and used to test the reliability of the system.
4.1 Results on a typical energy scheduling scenario
In the typical energy scheduling scenario, the renewable energy penetration ratio















Figure 4.1: The total power operating cost of TG, WTG and RV.

















Figure 4.2: The total output power of TG, WTG and RV, respectively.
In Fig. 4.2, the optimized distribution of the total output power of the gener-
ators and reserves are illustrated as a function of the load demand ranging from
600 MW to 2, 800 MW. Before the total output power reach 1000 MW, the wind
22















Figure 4.3: The average output power of TG, WTG and RV, respectively.

















Figure 4.4: The average price of TG, WTG, RV and PR, respectively.



















Figure 4.5: The output power of each TG, respectively.
power in spot market increases rapidly to its “stable value”. According to the wind
turbine characteristics in Gaussian distribution, we defined the value of the produc-
tion power at the biggest probability as “stable value”, which denotes the amount
23
















Figure 4.6: The output power of each WTG, respectively.


















Figure 4.7: The output power of each RV, respectively.
of the production power of each generator is always around this point. The “stable
value” for wind power in spot market and reserve market are fitted as 850 MW and
350 MW, respectively, by their Gaussian distribution parameters. Meanwhile, the
conventional power increase slightly. After the total power has reached 1000 MW,
the increment speed of wind power in spot market starts to decrease, and the con-
ventional generation increases rapidly. Because a fixed ramp rate is defined to the
conventional generations output power, the wind power in reserve market starts to
serve the system to satisfy the total load requirement. Considering the real-world
applications, the ramp speed of the traditional generators is limited. The reserve
power increases to its stable value slowly because the high price per unit does not
contribute to minimization of the power operating cost.
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The growth trend of the conventional generators, renewable energy generators
and energy reserves are demonstrated in Fig. 4.2. The average output power is
illustrated in Fig. 4.3. Fig. 4.4 describes the average price for all the generated
power, conventional power, wind power in spot market and reserve market. As we
can see, the average price of reserve is the highest and the wind power in spot market
keeps the lowest price, which meet the law of the present market. The average price
in total is lower than the conventional power under 1000 MW, because the wind
power in spot market is widely used during this period. After that, it starts to
increase because the reserve power with high price is used.
The investigation on the total power generation is performed with increasing
load demand in Fig. 4.1. In Fig. 4.5, Fig. 4.6 and Fig. 4.7, the detailed output
power distribution of 6 conventional generators, 4 wind turbine generators for the
spot market and 4 wind turbine generators for the reserve market are simulated
respectively. From the three figures, all types of the power generation increase with
load demand increasing and are within the constraints.
4.2 Results on different wind energy penetrations ratios
A comparison of the effects of different wind energy penetration ratios is demon-
strated in this section. The numerical study scenarios include the total operating
cost of the power generation for three different wind penetration ratios with in-
creasing load demand. In Fig. 4.8, with chance constraint probability α = 95%,
the three different colours denote the results corresponding to three different wind
penetration ratios. As we can see, the system with wind energy penetration in 40%
provides the minimal cost with the same amount of generated power. It can be seen
from Fig. 4.8 that, a lower wind energy penetration ratio results in higher power
operating costs.
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Figure 4.8: The total power operating costs of different wind energy penetrations.
4.3 Results on different chance constraint probability
In Case 3, the wind energy penetration ratio is fixed as 33.3%, the chance con-
straint probability, α in (3.3.1), is defined as 90%, 95% and 99.73%, respectively.
As shown in Fig. 4.9, the operating costs corresponding to the three different prob-
abilities increase gradually with increasing load demand. As we can see in Fig. 4.9
that the operating cost with the probability of 99.73% is lower than others. The
highest cost is obtained with the probability of 90%. This illustrates that the total
power operating cost will change if the probability changes. In detail, the total
cost increases with decreasing chance constraint probability. This is due to that a
larger probability places a stricter constraint that the total cost of the renewable
energy needs to be lower or equal to the demand price b in (3.3.1). On the contrary,
the operating cost increases if we define a smaller probability for the system, which


















Figure 4.9: The total power operating cost with different chance constraints.
4.4 The scheduling of economic dispatch and reserve
energy on contingency problems
In order to study the ability of the proposed approach in handling emergent
events, the approach is tested on a system with sudden increment or reduction of
the demand load. The detailed results are described in the following figures.
As an example, the emergency event is introduced in the simulation with dura-
tion of 10 minutes, as shown in Fig. 4.10. The start point of the system is 1000 MW
at the first minute. It is assumed that the demand load is suddenly increased from
1020 MW to 1600 MW at the 4th minute.
After that, the load is reduced back to 1030 MW at the 5th minute. The next
significant increasing occurs at the 8th minute, when the demand load sharply in-
creases from 1040 MW at the 6th minute to 2400 MW at the 8th minute, then the
load reduces rapidly to 1050 MW at the end of the 10 minute period. According to
the described load change, the corresponding results are simulated, which demon-
strates the efficiency of the proposed approach in this thesis. The figures below are
used to described the results accurately which can be further researched.
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Figure 4.10: The emergency events of the system with sudden changes in load.












Figure 4.11: The total power operating cost at each minute.
In Fig. 4.11, the total power operating costs at each minute are illustrated. It is
straightforward that the high demand load leads to high power generation cost.
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Figure 4.12: The total output power of TG, WTG and RV, respectively.














Figure 4.13: The average output power of TG, WTG and RV, respectively.
Fig. 4.12 describes the composition of the three kinds of power generation in the
system. In the normal operation conditions, the wind power always supplies the
biggest amount of the electricity in spot market because of its low price. According
to the simulation results, the wind power in reserve market starts to serve the
system when the demand load is over 1000 MW. At the 8th minute, the conventional
generators produce the largest amount of power which exceeds the power production
of wind turbine generators in spot market. It is due to that the amount of the power
produced by wind turbine generators in the both spot market and reserve market
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Figure 4.14: The average price of TG, WTG, RV and PR, respectively.
has almost reached the “stable values”. The growth of the power production of the
conventional generators increase rapidly at this time point. The average operating
cost of each kind of generation on each generator is demonstrated in Fig. 4.13.
Fig. 4.14 shows the total average operating cost significantly increases at the 4th
minute and the 8th minute, because the reserve power is heavily used at these two
time points. The average operating costs of the conventional generators and the
wind turbine generators in the spot market maintain steady during the 10 minute
period. The average operating cost of the reserve power reduces on the two time
points because of its large amount of production.
Fig. 4.15, Fig. 4.16 and Fig. 4.17 explain the detailed power distribution for the 6
conventional generators and the 4 wind turbine generators (spot market and reserve
market). The limits of the price and the power production decide how much power
they will generate.
4.5 Monte Carlo simulation
In the numerical simulation, the Monte Carlo (MC) method is used to simulate
the hybrid energy scheduling approach in Powerworld. The MC method is a compu-
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Figure 4.15: The output power of each TG, respectively.
















Figure 4.16: The output power of each WTG, respectively.
tational methodology that uses randomly sampled parameters to obtain numerical
results of a stochastic system [18, 42]. In this thesis, for each renewable energy
penetration ratio, twenty sets of loads are chosen randomly to simulate the system
price stability according to the optimum energy schedule results. For each chance
constraints, twenty sets of loads are chosen randomly to simulate the system price
stability in the same way. The MC simulation results demonstrate the feasibility
and robustness of the proposed approach for the hybrid energy economy dispatch
in the IEEE 24-bus RTS system which is shown in Fig. 4.18.
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Figure 4.17: The output power of each RV, respectively.
Wind plants located on bus 15 and 16 are chosen randomly for generator outage
simulation. Different wind speeds are simulated for the remaining wind plants in the
system. The system is shown in the MC simulations to be stable in these scenarios



































































































































Figure 4.18: The Monte Carlo simulation test bench in Power World.
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Chapter 5
Conclusion and future work
5.1 Conclusion
In this paper, a stochastic approach in joint scheduling economic dispatch and
energy reserves of hybrid power systems with high renewable energy penetration in
electricity market has been presented. The motivation of the research work is the
emerging issue in scheduling the economic dispatch and energy reserves of hybrid
power system with high wind energy penetrations. A joint economic dispatch and
energy reserve scheduling model in a hybrid power system with both conventional
generators and wind turbine generators is proposed in the form of an optimization
objective function and its associated constraint functions. The objective function
of the proposed stochastic model is formulated to minimize the power operating
cost. The chance constraint is used to formulate the statistical constraints of the
system. Moreover, genetic algorithm is chosen to solve the optimization problem
and compared with other popular algorithm. Our validated optimization results
of the proposed model demonstrate its usefulness and efficiency, which is based on
minimizing the power operating cost with constraints on power system reliability.
The detailed numerical results are achieved from the IEEE 24-but RTS simulation
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test bench, and are discussed in the thesis. The applicability of the proposed sta-
tistical model and approach are tested and evaluated on the IEEE 24-bus RTS. In
the numerical experiments, the total power operating costs are studied assuming
the different probabilities in (3.3.1) for that the operating cost is lower than a pre-
set threshold. Numerical experiments with three different thresholds in (3.3.1) is
used for comparing the results. Fig. 4.9 demonstrates that our assumption, which
relates to the probability of power operating cost, is valid and useful, which can
be further investigated into a large range of applicable energy marketing scenar-
ios. The Monte Carlo simulation approach is used to simulate the random output
power of the generating units in this system. Using the proposed model, statisti-
cal power dispatch scheduling of conventional generators, renewable generators, and
the optimized power operating cost of the hybrid power system are simultaneously
determined.
5.2 Future work
In the future work, we will develop the following topics in details:
5.2.1 Improvement of stochastic model with wind power
• Optimizing the total power cost for on emergency event, such as natural and
man-made hazards.
• For real-world applications, various types of wind turbine generators should
be considered to establish accuracy correlative function between wind speed
and electrical power.
• IEEE 24-bus RTS is used in this paper to simulate and detect the results of the
proposed model, more complex models will be chosen to validate the proposed
approach in a large-scale power system.
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5.2.2 Improvement of the proposed method
• The genetic algorithm is used in this paper to optimize the total operating
cost of the hybrid power system. More efficient optimization algorithm will be
employed to reduce the computational complexity.
• As [11], a practical method can be established to solve the optimal power flow
problem with several variables, which aims to provide constraints on power
flow.
• The reliability problems will emerge while the system become more complex,
and the corresponding solution needs to be considered to ensure the system
secure.
• In addition to the optimization of the power operating cost and the benefit
for power suppliers, other objective functions will also be formulated based on
the proposed method, such as maximizing the system reliability, minimizing
the cumulative effect on environment, etc.
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